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Plant cell walls are composed of structurally diverse polymers, many of which are O-
acetylated. How plantsO-acetylate wall polymers and what its function is remained elusive
until recently, when two protein families were identiﬁed in the model plant Arabidopsis
that are involved in the O-acetylation of wall polysaccharides – the reduced wall acetyla-
tion (RWA) and the trichome birefringence-like (TBL) proteins. This review discusses the
role of these two protein families in polysaccharide O-acetylation and outlines the dif-
ferences and similarities of polymer acetylation mechanisms in plants, fungi, bacteria,
and mammals. Members of the TBL protein family had been shown to impact pathogen
resistance, freezing tolerance, and cellulose biosynthesis. The connection ofTBLs to poly-
saccharideO-acetylation thus gives crucial leads into the biological function of wall polymer
O-acetylation. From a biotechnological point understanding the O-acetylation mechanism
is important as acetyl-substituents inhibit the enzymatic degradation of wall polymers and
released acetate can be a potent inhibitor in microbial fermentations, thus impacting the
economic viability of, e.g., lignocellulosic based biofuel production.
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INTRODUCTION
The cells of higher plants are encased in a wall consisting of multi-
ple, structurally complex, highly substituted polymers. One of the
substituents found on many of these polymers is O-linked acetate.
How the O-acetyl-substituent is transferred to the wall polymers
and its role in the life cycle of a plant is not known. From an indus-
trial perspective O-acetyl-groups on plant polymers contribute
signiﬁcantly to their viscosity and gelation properties and hence
applicability, e.g., in the food industry (Rombouts and Thibault,
1986; Huang et al., 2002). Recently,O-acetylation of cell wall poly-
saccharides has received increased attention, as wall polymers, the
primary constituent of plant biomass, can be used as a renewable
source for the production of biofuels and other commodity chem-
icals (Pauly and Keegstra, 2008; Carroll and Somerville, 2009).
During the processing of plant biomass acetylation can reduce
sacchariﬁcation yields, if not removed by pre-treatments (Selig
et al., 2009). Even if acetate is released during processing it inhibits
some sugar-to-ethanol fermenting organisms (Helle et al., 2003).
Techno-economic models predict that a 20% reduction in bio-
mass O-acetylation could result in a 10% reduction in ethanol
price (Klein-Marcuschamer et al., 2010). Hence, a major goal in
plant research in the biofuel area is to try to reduce O-acetylation
in the walls of plant feedstocks.
MANY PLANT CELL WALL POLYMERS ARE O-ACETYLATED
O-acetyl-substituents are present on nearly all wall polymers
with the exception of cellulose, β-1,3-1,4-linked glucan in grasses,
and the wall glycoproteins. In particular the various hemicellu-
loses, the pectic polysaccharides and the polyphenol lignin can
be O-acetylated (Table 1 and references therein). The degree of
O-acetylation can vary depending on species, tissue type, and
developmental state as has been observed with any other wall sub-
stituent (Pauly and Keegstra, 2010). In the dicot hemicellulose
xyloglucan (XyG) only the sidechain galactosyl-residue is O-
acetylated (Pauly, 1999; Scheller and Ulvskov, 2010; Gille et al.,
2011b). In contrast, in members of the Solanaceae and the Poaceae
the glucosyl-residues of the XyG backbone are O-acetylated
(Gibeaut et al., 2005; Jia et al., 2005). Presumably, polymer back-
bone O-acetylation has a larger effect on the polymer properties
such as conformation and hydrophobicity, while on the sidechain
O-acetates might present just an alternative substituent. Other
polymers, whose glycan-backbones can be O-acetylated, include
arabinoxylan (Bastawde, 1992; Van Dongen et al., 2011), gluco-
mannans present in softwood (Lundqvist et al., 2002) or in storage
polymers (Gille et al., 2011a), as well as the pectic polysaccharides
homogalacturonan (Liners et al., 1994) and rhamnogalacturonan
I (Schols and Voragen, 1994). Lignin can also be O-acetylated; up
to 58% of the phenolic units were found to be O-acetylated in
species such as Kenaf (Del Río et al., 2008).
Thepositionof theO-acetyl-grouphas been identiﬁed innearly
all of the polymers (Table 1). Some monosaccharides present in
wall polymers can be substituted with two O-acetyl-groups such
as XyG, arabinoxylan, and some of the pectic polysaccharides.
It should be noted that O-acetyl-groups can migrate in aque-
ous solutions to non-substituted hydroxyl-groups within the same
glycosyl-residue by a chemical, non-protein mediated mechanism
forming an equilibrium of acetylation on the various positions,
e.g., O-2 and O-3 on xylosyl-residues in xylan (Kabel et al., 2003).
Migration has also been observed on the galactosyl-residue in XyG
(Pauly, 1999).
MECHANISMS OF CELL WALL POLYMER O-ACETYLATION:
COMPARISON TO OTHER ORGANISMS
Despite the abundance of O-acetyl-substituents on various wall
polymers virtually nothing was known about the molecular mech-
anism of O-acetylation in plants until recently. More information
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Table 1 | O-acetylated cell wall polysaccharides.
Wall polymer Species Backbone/
sidechain
Residue Position Mono-/
Di-acetylated
Reference(s)
HEMICELLULOSE
Xyloglucan Dicots (with the
exceptions below)
Sidechain Gal O-6; (O-3,O-4) Mono/di Kiefer et al. (1989); Pauly
(1999)
Solanaceae Backbone Glc O-6 Mono Hoffman et al. (2005); Jia
et al. (2005)
Sidechain Araf O-5 Mono
Poaceae Backbone Glc O-6 Mono Gibeaut et al. (2005); Hsieh
and Harris (2009)
(Glucurono)-
arabinoxylan
Backbone Xyl O-2, O-3 Mono/Di Kabel et al. (2003) Teleman
et al. (2000)
Sidechain Araf O-2 Mono Ishii (1991)
Gluco(galacto-)
mannan
Backbone Man O-2, O-3 Lundqvist et al. (2002)
PECTIC POLYSACCHARIDES
Homogalacturonan Backbone GalA O-2, O-3 Mono/di Ishii (1997)
RGI Backbone GalA O-2, O-3 Mono/di Ishii (1997)
Backbone Rha O-3 Mono Sengkhamparn et al. (2009)
RGII Sidechain 2-O-Me-Fuc n.d. Mono O’Neill et al. (2004)
LIGNIN
Syringyl-/Guaiacyl-units γ-C of sidechain Mono Del Río et al. (2007)
n.d., not determined.
had been amassed from the polysaccharide O-acetylation sys-
tems in bacteria, fungi, and mammals. In the fungal pathogen
Cryptococcus neoformans the mannosyl-residues of the capsular
polysaccharide glucuronoxylomannan can beO-acetylated (Cher-
niak and Sundstrom,1994). The responsible protein,CnCas1p,has
been identiﬁed as essential for the O-acetylation of this capsular
polysaccharide (Janbon et al., 2001). CnCas1p contains 12 trans-
membrane domains as well as a 347 aa loop predicted to face
the Golgi lumen between the ﬁrst and second transmembrane
domain from the N-terminus (Figure 1). Orthologs to CnCas1p
were also identiﬁed in the human and drosophila genomes (Jan-
bon et al., 2001). The human ortholog HsCasD1 has a very similar
protein structure; multiple (13) transmembrane domains and a
large loop, also predicted to face a membrane enclosed lumen
(Arming et al., 2011; Figure 1). Ectopic expression of HsCasD1
leads to an increase in the O-acetylation of sialic acids and sub-
cellular localization experiments located the protein to the Golgi
apparatus (Arming et al., 2011). In bacteria such as Staphylococcus,
Campylobacter, Helicobacter, Neisseria, and Bacillus the muramyl-
residue in the wall polymer peptidoglycan is O-acetylated (Clarke
andDupont, 1992;Moynihan andClarke, 2010). InGram-positive
bacteria O-acetylation of peptidoglycan is facilitated by OatA
(Bera et al., 2005; Aubry et al., 2011; Bernard et al., 2011). Sim-
ilar to the fungal and human Cas1 proteins, also the bacterial
OatA proteins consist of multiple transmembrane domains and
a large loop (Bernard et al., 2011; see LpOatA in Figure 1). In
contrast, in Gram-negative bacteria such as Neisseria gonorrhoeae
or Bacillus anthracis, the peptidoglycan acetylation is facilitated
by two separate proteins – PatA and PatB (Moynihan and Clarke,
2010; Laaberki et al., 2011). While PatA represents a protein with
multiple transmembrane domains, PatB is a membrane bound
periplasmic protein reminiscent of the loop present in the Cas1
proteins in other organisms (Figure 1). Another O-acetylated
bacterial polysaccharide is alginate – a viscous exopolysaccha-
ride produced by certain bacteria such as the human pathogen
Pseudomonas aeruginosa (Franklin and Ohman, 1996). Here, three
proteinswere shown to be required for alginate acetylation; PaAlgI,
PaAlgJ, andPaAlgF (Franklin andOhman,1993,1996; Shinabarger
et al., 1993; Figure 1). The PaAlgI protein contains multiple
transmembrane domains while the PaAlgJ protein is a membrane-
anchored protein with one transmembrane domain and a large
loop facing the extracellular space (Figure 1). The function of the
periplasmic PaAlgF protein is unknown but it is thought to inter-
act with PaAlgI and PaAlgJ in the alginate biosynthetic complex
(Franklin and Ohman, 2002).
Recent ﬁndings indicate that plants harbor a similar O-
acetylation system. Based on protein homology to the CnCas1p
protein from Cryptococcus, a family of four proteins has been
identiﬁed in Arabidopsis that lead to a reduced cell wall acety-
lation phenotype (rwa-mutants; Manabe et al., 2011; Lee et al.,
2011). RWA consists of 10 transmembrane domains but lacks the
extended loop found inCnCas1p (Figure 1).Mutants affected only
in RWA2 where shown to have an overall reduction of 20% in wall
polymer acetylation levels with multiple polymers being affected
including pectin, XyG, and xylan (Manabe et al., 2011).
A second protein involved in plant polysaccharide O-
acetylation was identiﬁed using a forward genetic screen for
mutants with altered xyloglucan structures (axy ; Gille et al.,
2011b). Knock-out mutants of the identiﬁed gene AXY4 lack
O-acetyl-substituents on XyG completely in non-seed tissues,
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FIGURE 1 | Models of proteins involved in the O-acetylation of
carbohydrates in various organisms. Presented are proteins that have been
shown to impact O-acetylation of glucuronoxylomannan in Cryptococcus
neoformans (Fungi), sialic acid in humans (Mammals), peptidoglycan in
Gram-positive and Gram-negative bacteria, alginate in Pseudomonas
aeruginosa, and xyloglucan in Arabidopsis thaliana (Plants). The structural
organization of the proteins and protein complexes seems to be conserved
among those organisms. All systems have in common a multi-transmembrane
domain, proposed to be involved in the translocation of an acetyl-carrier
across a membrane. In addition, they contain a large globular domain with
highly conserved GDS and DxxH peptide motifs (see also Figure 2)
representing the presumed acetyltransferase. While in fungi, mammals, and
Gram-positive bacteria this mechanism is realized in a single protein, in
Gram-negative bacteria and plants this mechanism is split into two proteins.
Alginate O-acetylation in Pseudomonas seems to be a special case as no
DxxH motif can be found and three proteins were shown to be essential.
while the O-acetylation level of other polysaccharides is not
affected. These ﬁndings indicate that unlike RWA, AXY4 acts
in a polysaccharide speciﬁc manner as a likely XyG speciﬁc O-
acetyltransferase. The O-acetyltransferase activity of AXY4 and
the position, to which the O-acetyl-group is transferred has yet
to be experimentally demonstrated. However, overexpression of
the AXY4 gene leads not only to an increase in XyG acetylation
but there is also evidence that one galactosyl-unit of XyG becomes
di-acetylated (Gille et al., 2011b). Hence, AXY4 is sufﬁcient to
add multiple acetyl-substituents to the same galactosyl-residue.
AXY4 could accomplish this by adding acetyl-substituents onto
two different positions. Alternatively, AXY4 adds the acetyl-group
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to a single speciﬁc position. The acetyl-group is then distributed
through chemical migration to the other position, leaving the ini-
tial O-acetylation site open for a further addition of a second
O-acetate. However, overexpression of AXY4 did not lead to com-
pletely acetylated XyG, suggesting that the acetylated polymer can
be further modiﬁed by acetylesterases, which remove the acetate,
presumably after deposition in the apoplastic space (Gille et al.,
2011b).
A homolog of AXY4, a second putative XyGO-acetyltransferase
termed AXY4L for AXY4like, was identiﬁed as acting on XyG
speciﬁcally in seeds (Gille et al., 2011b). AXY4 and AXY4L are
both members of a large, plant-speciﬁc protein family annotated
as trichome birefringence-like (TBL; Bischoff et al., 2010a). InAra-
bidopsis this family includes 46 members (TBR, TBL1-45). Based
on the data for AXY4/TBL27 and AXY4L/TBL22 also other mem-
bers of theTBL family are proposed to encode additionalwall poly-
saccharide speciﬁc O-acetyltransferases (Gille et al., 2011b). All
TBL proteins consist of one N-terminal transmembrane domain
and two highly conserved plant-speciﬁc domains; a TBL domain
and a DUF231 domain (Bischoff et al., 2010a). Both domains
harbor conserved motifs; a Gly-Asp-Ser (GDS) peptide in the
TBL domain and an Asp-x-x-His (DxxH) motif in the C-terminal
DUF231 domain (Figure 1). These two motifs were shown to be
conserved in esterases and lipases, including a fungal rhamno-
galacturonan acetylesterase and seem to infer catalytic activity
(Molgaard et al., 2000; Akoh et al., 2004; Bischoff et al., 2010a,b).
One of the two domains could be involved in binding a partic-
ular polymer while the other domain facilitates the binding of
the acetyl-donor substrate and transfer of the acetate group to the
polymer. This proposed mechanism might require an esterase-like
activity in order to hydrolyze the acetate from the donor sub-
strate (Gille et al., 2011b). Sequence comparisons of selected TBL
family proteins to the O-acetylation systems described in the var-
ious organisms above (Figure 1) indicates that despite signiﬁcant
sequence diversity both motifs, the GDS and the DxxH motif,
are present in the large loops of nearly all O-acetylation systems
(Figure 2). Solely in the Pseudomonas alginate O-acetylation sys-
tem only a GDS-motif can be found, but not the DxxH motif,
neither in PaAlgJ nor PaAlgF.
It thus appears that theO-acetylationmechanism is highly con-
served among organisms and kingdoms. However, while in some
organisms the responsible protein remains conserved as a single
protein (mammals, fungi, Gram-positive bacteria) in other organ-
isms this protein is split into two (Gram-negative bacteria, plants)
or three proteins (Pseudomonas). Such a split allows the diversiﬁca-
tion of the proteins. For example, in plants there are four RWA and
46 TBL proteins perhaps reﬂecting the diversity of acetylated sub-
strates and speciﬁcity in the various tissues and/or developmental
stages. It has been proposed that the proteins harboring the multi-
ple transmembrane domains such as PatA and AlgI are involved in
translocation of an acetyl-donor molecule across the membrane
(Franklin and Ohman, 2002), while the loop proteins PatB and
AlgJ can be considered putative O-acetyltransferases that trans-
fer the acetyl-group to the polysaccharide. By analogy in plants
RWA would be an acetyl-donor translocator and the TBL proteins
would represent the polysaccharide speciﬁc O-acetyltransferases
FIGURE 2 | Protein sequence alignment of domains containing the GDS
and DxxH motives of proteins displayed in Figure 1. Alignment was
performed using Kalign 2.0 (Lassmann and Sonnhammer, 2005). (Format:
ClustalW, Gap open penalty: 30, Gap extension penalty: 0.2, Terminal Gap
penalties: 0.45, Bonus score: 0). Proteins were trimmed to the amino acid
residues given in bold numbers for the alignment. At, Arabidopsis thaliana;
Cn, Cryptococcus neoformans; Pg, Puccinia graminis; Hs, Homo sapiens;
Mm, Mus musculus; Lp, Lactobacillus plantarum; Sa, Staphylococcus aureus;
Bs, Bacillus subtilis; Ng, Neisseria gonorrhoeae; Pa, Pseudomonas
aeruginosa. (At_AXY4 – AT2G70230, At_PMR5 – AT5G58600,
At_TBR – AT5G06700, At_TBL3 – AT5G01360, Cn_Cas1p – AF355592,
Pg_Cas1 – XP_003331718, Hs_Cas1 – NP_075051, Mm_Cas1 – NP_663373,
Lp_OatA – NP_784589, Sa_OatA – ZP_06313146, Bs_OatA – NP_390592,
Ng_PatB –YP_207683, Pa_AlgJ – AAB09782).
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(Gille et al., 2011b; Manabe et al., 2011). Analysis of the XyG
O-acetylation status in an rwa/axy4 (tbl27 ) double mutant does
not exclude the possibility that both proteins act in the same
pathway (Gille et al., 2011b). In mammals and fungi both func-
tions of translocation and transfer are combined into a single
protein (Figure 1). Further research is needed to ascertain the
function of the two protein domains (putative translocator and
putative transferase) as well as the role of the two motifs (GDS
and DxxH). Moreover, there might be other proteins involved in
the O-acetylation mechanism. For example, knocking out all four
RWA proteins in Arabidopsis in a RWA1/2/3/4 quadruple mutant
does not eliminate wall polysaccharide O-acetylation but leads
only to a 40% reduction in xylan acetylation in the stem (Lee et al.,
2011) demonstrating that other hitherto unknown proteins can
substitute for the loss of the presumed translocator RWA.
There are several pieces of evidence that O-acetylation of wall
polysaccharides in plants occurs in the endomembrane system,
most likely the Golgi apparatus, where non-cellulosic polysaccha-
rides are synthesized (Moore et al., 1986; Scheible andPauly,2004).
First,O-acetylated XyG can be isolated from intact microsomes of
Arabidopsis conﬁrming that O-acetylation occurs prior to deposi-
tion of the wall polysaccharide in the apoplast (Obel et al., 2009).
Second,whenmicrosomal preparations of a potato cell suspension
cultures are fed with radio-labeled acetyl-CoA, the radio-labeled
acetate can be found in an esteriﬁed form on several polysaccha-
rides including XyG and pectin (Pauly and Scheller, 2000). Third,
RWA and AXY4/TBL27 have been localized to the endomembrane
system and their loop containing the GDS and DxxH motives are
predicted to face the lumen (Gille et al., 2011b; Lee et al., 2011;
Manabe et al., 2011).
The microsome experiments in plants indicate that acetyl-CoA
is an acetyl-donor for the acetylation of wall polysaccharides.
Other additional acetyl-donors or acetyl-intermediates cannot be
excluded. Acetyl-CoA is also the donor substrate for acetylation of
sialic acids in the mammalian system (Vandamme-Feldhaus and
Schauer, 1998). The nature of the O-acetyl-donor in the other
systems has not been identiﬁed but acetyl-CoA is also a possi-
bility there (Franklin and Ohman, 2002; Laaberki et al., 2011).
Is acetyl-CoA translocated to act as a donor substrate for the O-
acetyltransferases? This seems unlikely in bacteria as acetyl-CoA
would be translocated into the extracellular space and thus lost in
the culture medium. It seems thus likely that the acetyl-group is
transferred to an intermediate preferably one that remains tightly
bound to the membrane, potentially the translocator protein
itself. If one hypothesizes similar O-acetylation mechanisms in
plants/human/fungi, where O-acetylation occurs in the Golgi, the
possibility of translocation of acetyl-CoA seems also improbable.
However, future experimental evidence is needed to elucidate how
and in what form the acetyl-group is translocated and transferred
to the polysaccharide.
BIOLOGICAL FUNCTIONS OF PLANT WALL POLYMER
O-ACETYLATION
The biological function of O-acetyl-substituents in plant devel-
opment and morphology is not known. However, surveys of
O-acetylation in various plant tissues and during plant develop-
ment indicate that the degree of O-acetylation on wall polymers is
modiﬁed by the plant (Liners et al., 1994; Pauly et al., 2001; Obel
et al., 2009) suggesting an important functional role in the plant.
Since in vitro polymer experiments indicate that O-acetylation
impacts the rheological properties and hinders enzymatic break-
down of the polysaccharide presumably through steric hindrance
and/or conformational changes of the polymer (Biely et al., 1986),
it is possible that ﬁne-tuning the acetylation level of wall polymers
impacts non-covalent interaction of wall polymers and hinders
degradation of the polysaccharide by invading pathogens. Adding
O-acetyl-substituents (C2-unit) to wall polysaccharides instead of
additional pentosyl- or hexosyl-units (C5- and C6-units, respec-
tively) does not only increase the structural complexity of the
polysaccharide but it is also energetically favorable as less carbon
is deposited in the wall. It seems such a strategy has been pursued
in the grass XyG, where compared to the structure of the dicot
XyG a speciﬁc xylosyl-residue has been regularly replaced with an
O-acetyl-group (Gibeaut et al., 2005; Jia et al., 2005).
The recent discoveries of the ﬁrst plant mutants affected in wall
polysaccharide O-acetylation give more insights in the biological
function of this substituent. The rwa2 single mutant exhibiting a
20% reduction in overall cell wall acetylation has a wild type like
growth andmorphologywhen grownunder laboratory conditions
(Manabe et al., 2011), while the RWA quadruple mutant exhibits
collapsed xylem vessels (Lee et al., 2011). Consistent with obser-
vations made with mutants affected in the substitution pattern of
XyG (Madson et al., 2003; Perrin et al., 2003; Cavalier et al., 2008;
Günl et al., 2011) the axy4 mutant containing non-acetylated XyG
exhibits no obvious growth or developmental phenotypes. In fact,
the Arabidopsis ecotype Ty-0 containing only non-acetylated XyG
due to point mutations in AXY4 apparently thrives in its habi-
tat, Taynuilt in northern Scotland (Gille et al., 2011b). Apparently,
the lack of XyG O-acetylation does not impact the ﬁtness of the
plant and does not present a selective disadvantage under the envi-
ronmental conditions at this location. Interestingly, Ty-0 has been
shown to be highly susceptible to the fungal pathogen Fusarium
oxysporum (Diener and Ausubel, 2005). Although the mapping of
one of the QTLs in this study led to a wall-associated kinase-like
kinase 22 (WAKL22) there is a possibility that XyG O-acetylation
may play a role in the susceptibility of this pathogen. Evidence for
a potential role of wall O-acetylation in pathogen defense is pro-
vided by rwa2, which was shown to have an increased resistance
toward the necrotrophic fungal pathogen Botrytis cinerea (Man-
abe et al., 2011). Moreover, if one assumes that all TBL proteins
are involved in wall polysaccharide O-acetylation, a mutant in one
of its members, PMR5, exhibits increased resistance to powdery
mildew, Erysiphe spec (Vogel et al., 2004). Indeed, the cell wall
of pmr5 exhibits a decrease in esteriﬁcation as demonstrated by
Fourier transform infrared (FTIR) analysis. If and which poly-
saccharide contains an alteration in O-acetylation has yet to be
demonstrated in pmr5. Other TBL mutants also show signiﬁ-
cant phenotypes. The original mutant after which this class of
genes was named, trichome birefringence (tbr), exhibits a defect
in cellulose crystallinity in its trichomes (Potikha and Delmer,
1995; Bischoff et al., 2010a). The tbr-mutant and a mutant in
its homolog TBL3 show alterations in their pectin esteriﬁcation
(Bischoff et al., 2010a). Another mutant affected in the expression
of a gene in the TBL gene family is the eskimo1mutant that displays
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strong freezing tolerance in the absence of cold acclimation (Xin
et al., 2007). More detailed analysis of the mutant indicated col-
lapsed xylem and alterations of the wall structure (Lefebvre et al.,
2011). Although the precise nature of the wall structural change
in eskimo1 has not been elucidated it is tempting to speculate that
it could be O-acetylation of a particular polysaccharide. Bridg-
ing the gap between those observed mutant phenotypes and the
proposed O-acetyltransferases will be vital in understanding the
function of O-acetylation in the life cycle of plants.
Homologs of RWA and TBLs can be found in crop plants
(Gille et al., 2011b) and the recent ﬁnding that these genes are
involved in the O-acetylation of wall polysaccharides opens the
door to identify or generate crop plants whose biomass con-
tains lower amounts of acetate. This can be achieved through
genetic engineering of repressing O-acetylation or marker assisted
breeding. The resulting plant biomass should represent an
improved feedstock for the emerging lignocellulosic based biofuel
industry.
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